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esponsibility of ChinAbstract The main problem faced in the plasma spraying is the selection of optimum combination of
input variables for achieving the required qualities of coating. This problem can be solved by the
development of relationship between the process parameters (input power, stand-off distance and powder
feed rate) and the coating quality characteristics (porosity,) by response surface methodology. This article
highlights the use of response surface methodology by designing a three-factor ﬁve level central composite
rotatable design matrix with full replication for planning, conduction, execution, and development of
empirical relationship. Alumina coating was deposited on AZ31B magnesium alloy using atmospheric
plasma spraying process by varying parameters such as power, stand-off distance and powder feed rate.
Further, response surface methodology was used for the selection of optimum plasma spraying
parameters to achieve desired quality of alumina coating.
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Magnesium alloys are of great interest for many industrial
applications, e.g. automotive, aerospace, communication, etc.,
due to their low density, good strength/weight ratio, high
dimensional stability, good electromagnetic shielding and
damping characteristics, good machining and recycling ability
[1,2]. However, Mg alloys have a number of undesirable
properties such as poor corrosion and wear resistance that
hampers their wider application. Several methods have been
developed in order to achieve better corrosion performance
of magnesium alloys, including the application of surfacen and hosting by Elsevier Ltd. All rights reserved.
Nomenclature
APS atmospheric plasma spraying process
P power, kW
S stand-off distance, cm
F powder feed rate, gpm
PL porosity level, vol%
RSM response surface methodology
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studies have shown that atmospheric plasma spraying may be
considered an effective and ﬂexible technique to protect Mg
and its alloys against corrosion and wear [4]. In particular,
alumina coatings can be deposited on magnesium alloys by
plasma spraying process to improve their corrosion resistance.
Thermally sprayed alumina coatings have been widely used
as wear, corrosion resistant as well as thermal or electrical
insulative coatings [5–7] to improve the surface characteristics
of industrial components. Many techniques have been used to
spray such kind of materials. Atmospheric plasma spraying
(APS), due to its relatively high deposition efﬁciency, ﬂex-
ibility, and easy automation, has become a commercial process
to deposit Al2O3 coatings.
Atmospheric plasma spraying (APS) is a versatile method
which can be used to deposit powders as dense, adherent and
homogeneous coatings with low porosity. During plasma
spraying, the coating material in the form of powder is heated
to a molten state. The heated material is propelled in the form
of particles or droplets in a plasma jet at high velocities to
impact the substrate, where they ﬂatten and solidify rapidly
forming a stacking of lamellae with micro-defects, such as
pores, micro-cracks, unmelted particles, etc. Some of these
defects are open and connected, while some of them are closed
and isolated. Due to the presence of these micro-defects, the
plasma sprayed coating has a unique microstructure and
behaves differently from a comparable monolithic material [8].
Porosity is the basic and key quality characteristics to under-
stand the microstructure and properties of thermal spray coat-
ings. During plasma spraying, the pores and micro-cracks can be
generated from different sources, such as the entrapped gases, the
incomplete ﬁlling in the rapidly solidifying splats, and the
shrinking of the splats during rapid solidiﬁcation, etc. If no
distinction is made of the nature of pores and the micro-cracks,
the porosity in plasma-sprayed coatings can vary from less than
2% to more than 20%, depending on the type of powders and
the spray parameters used. Among these features, porosity level is
a key parameter describing the anisotropy of sprayed coatings
and controlling their properties. In aggressive environments, one
of the major problems in using plasma-sprayed coatings is the
presence of the open pores, closed pores and micro-cracks in the
coatings [9]. Moreover, the presence of even insigniﬁcant micro-
pores can substantially reduce the coating’s mechanical and
protective properties, such as elastic modulus, micro-hardness
and bonding strength, etc. Therefore, reduction of porosity of the
sprayed coatings plays a key role in improving the corrosion
resistance of the coatings.
The microstructure and the mechanical properties of the
coating are inﬂuenced by the spraying parameters, such as the
spraying power, stand-off distance and powder feed rate (PFR),etc. These parameters inﬂuence the thermal energy and kinetic
energy of particles. If particles are subjected to an excess of
thermal energy, they can be vaporized in plasma jet rather than
arriving at the substrate in the fully molten condition [10].
However, if the particles receive too little thermal energy, they
arrive at the substrate in an unmelted condition.
Wang et al. [11] have reported the spray parameters could
inﬂuence the particle velocity and temperature to different extents,
which were closely linked to the coating hardness and porosity.
Zhang et al. [12] studied the statistical analyses of porosity
variations in plasma-sprayed Ni-based coatings. They reported
that the porosity of the coating increased with decreasing the
hydrogen gas ﬂow rate. Deshpande et al. [13] investigated the
application of image analysis for characterization of porosity in
thermal spray coatings and correlation with small angle neutron
scattering and they found that this study conﬁrms the applic-
ability of image analysis as a straightforward, versatile, reliable
and inexpensive method for the characterization of porosity.
Venkataraman et al. [14] studied inﬂuence of porosity, pore size,
spatial and topological distribution of pores on micro-hardness of
as plasma sprayed ceramic coatings and reported that among the
several microstructural features, porosity seems to have a stronger
inﬂuence on mechanical property such as micro-hardness. Gues-
sasma et al. [15] have reported the porosity level was found to
decrease with the increase of arc current, hydrogen fraction and
with the decrease of powder feed rate. The porosity of plasma-
sprayed coatings by digital image analysis method was investi-
gated by Hao Du et al. [16].
Several studies reported [11–16] the effects of micro-cracks and
pores on the effective properties of the coatings and characteriza-
tion of porosity in thermal spray coatings. However very little
information is available in the open literature related to under-
standing the atmospheric plasma spraying parameters inﬂuencing
the porosity of alumina coating on magnesium alloys. Hence, this
article deals with the application of RSM in developing empirical
relationships relating important plasma spraying parameters,
namely, the power (P), the stand-off distance (S), and the powder
feed rate (F) and the porosity level of the Al2O3 coatings on
AZ31B magnesium alloys.2. Methodology
2.1. Identifying the important process parameters
From the literature [11–16] and the previous investigation carried
out in our laboratory [17], the predominant factors (APS process
parameters) that have a greater inﬂuence on the coating proper-
ties were identiﬁed. They are (i) the power (kW), (ii) the stand-off
distance (cm), (iii) the powder feed rate (gpm).
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The cut sectional surface of AZ31B magnesium alloy rod
(16 mm in diameter and 15 mm in thickness) was grit blasted
using cabinet type grit blasting machine prior to plasma
spraying. Grit blasting was carried out using corundum grits
of size of 500þ320 mm and subsequently cleaned using acetone
in an ultrasonic bath and dried. A large number of spray runs
were conducted on grit blasted extruded AZ31B magnesium
alloy to determine the feasible working limits of plasma
spraying parameters. Plasma spraying of the alumina powder
was carried out using an APS system 40 kW IGBT-based
Plasmatron (Make: Ion Arc Technologies; India. Model:
APSS-II). The feed stock was H.C. Stark, AMPERIT 740.1
powder (Al2O3) with particle size of 45þ20 mm. Coating
thickness for all the deposits was maintained at 200715 mm.
The input power, stand-off distance and powder feed rate were
inspected to identify the working limits of the plasma spraying
parameters, leading to the following observations:I.Ta
F
P
S
PIf the spray was carried out below 18 kW power level, then
poor adhesion and incomplete melting of powders were
occurred. If the power level was increased beyond 25 kW,
then spatter and poor deposition efﬁciency were observed.II. If the stand-off distance was less than 10 cm, then the
arc length was short and the powder feeding was
inconvenient and if it was increased beyond 13 cm, an
unstable arc and arc wandering were observed due to the
increased arc length.III. The minimum possible powder feed rate was 15 gpm
(limitation of the powder feeding system). If the powder
feed rate was increased beyond 35 gpm, coating deposition
was not smooth, due to incomplete melting of the powders.
Ar and N2 were used as primary and secondary gases, and
its ﬂow rate were kept constant for all the coatings.Table 2 Other relevant parameters kept constant during
plasma spraying.
Parameters Unit Values
Plasma current A 600
Plasma voltage V 50
Primary gas ﬂow rate lpm 38
Secondary gas ﬂow rate lpm 42.3. Developing the design matrix
After considering all of the aforementioned conditions, the
feasible limits of the parameters were chosen in such a way
that the AZ31B magnesium alloy should be coated without
any difﬁculty. Due to the wide ranges of factors, it was decided
to use three factors, ﬁve levels, central composite design
matrix to optimize the experimental conditions. With a view
to achieving the aforementioned aim, statistically designed
experiments based on a factorial technique were used to
reduce the cost and time and to obtain the required informa-
tion pertaining to the main and interaction effects on the
response parameters. Central composite rotatable design of
second order was found to be the most efﬁcient tool in RSM
to establish the mathematical relation of the response surfaceble 1 Important APS process parameters and their levels.
actors Notations Units Leve
1.6
ower P kW 18
tand-off distance S cm 10
owder feed rate F gpm 15using the smallest possible number of experiments without
losing its accuracy [18]. Table 1 presents the ranges of factors
considered, and the plasma spray parameters used for alumina
coatings on AZ31B magnesium alloy are listed in Table 2.
Table 3 shows the 20 sets of coded conditions used to form the
design matrix. The design matrix is consisting 20 sets of coded
conditions and comprising a full replication three factor
factorial design of 8 points, six corner points and six center
points. All of the variables at the intermediate (0) level
constitute the center points while the combinations of each
process variable at either the lowest (1.682) or the highest
(þ1.682) value with the other four variables of the intermedi-
ate levels constitute the star points. Thus, the 20 experimental
runs allowed for the estimation of the linear, quadratic, and
two-way interactive effects of the variables on the alumina
coating deposits. The method of designing such a matrix is
dealt with elsewhere [19,20]. For the convenience of recording
and processing experimental data, the upper and lower levels
of the factors have been coded as þ1.682 and 1.682,
respectively. The coded values of the intermediate values can
be calculated using the following relationship:
Xi ¼ 1:682½2X2ðXmax þ XminÞ=ðXmaxXminÞ ð1Þ
where Xi is the required coded value of a variable X and X is any
value of the variable from Xmin to Xmax; Xmin is the lower level of
the variable; and Xmax is the upper level of the variable.2.4. Conducting the experiments
In this investigation, 20 coating deposits were prepared using
different combinations of plasma spraying parameters, as
prescribed by the experimental design matrix (Table 3).The
experiments were conducted in a random order to prevent
systematic errors from inﬁltrating the system. Porosity
measurements were carried out on the polished cross section
of the coating as per ASTM B276 standard [21] using optical
microscope (Make: MEIJI, Japan; Model: MIL-7100)
equipped with image analyzing system.ls
82 1 0 þ1 1.682
19.4 21.5 23.6 25
10.6 11.5 12.4 13
20 25 30 35
Table 3 Design matrix and experimental results.
Spray condition Coded values Original value Porosity level
of coatings (vol%)
P S F P (kW) S (cm) F (gpm)
1 1 1 1 19.4 10.6 20 12
2 1 1 1 23.6 10.6 20 7
3 1 1 1 19.4 12.4 20 14
4 1 1 1 23.6 12.4 20 6
5 1 1 1 19.4 10.6 30 10
6 1 1 1 23.6 10.6 30 9
7 1 1 1 19.4 12.4 30 18
8 1 1 1 23.6 12.4 30 13
9 1.682 0 0 18 11.5 25 14
10 1.682 0 0 25 11.5 25 5
11 0 1.682 0 21.5 10 25 9
12 0 1.682 0 21.5 13 25 15
13 0 0 1.682 21.5 11.5 15 8
14 0 0 1.682 21.5 11.5 35 12
15 0 0 0 21.5 11.5 25 5
16 0 0 0 21.5 11.5 25 6
17 0 0 0 21.5 11.5 25 5
18 0 0 0 21.5 11.5 25 6
19 0 0 0 21.5 11.5 25 5
20 0 0 0 21.5 11.5 25 5
Fig. 1 SEM micrograph of alumina powder. Fig. 2 Backscattered scanning electron micrograph of the cross
section of alumina coating.
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with a scanning electron microscopy (SEM; JSM 6400, JEOL,
Tokyo, Japan). The powder is fused and then crushed, which
gives its characteristic angular shape with a size distribution
ranging between 2 and 8 mm as shown in Fig. 1. The back-
scattered scanning electron micrographs of the cross-sections
of the alumina coating revealed the very rough surface,
interconnected pores randomly distributed within the layer
and poor bonding at the substrate/coating interface (Fig. 2).
The crystallinity of the powder and coating was measured by
Philips 3121 X-ray diffractrometer using CuKa radiation
which was set at 40 kV and 20 mA for the XRD analysis
and the data were recorded in the 2y range 101 to 801 in steps
of 21/min. The XRD pattern of the alumina powder exhibit a-
Al2O3 phase only, whereas the XRD pattern of the sprayed
coating shows both a-Al2O3 and b-Al2O3 were detected as
shown in Figs. 3 and 4.3. Developing an empirical relationship
The porosity is a function of power (P), stand-off distance (S),
powder feed rate (F) and hence it can be expressed as
Porosity ðPLÞ ¼ f ðP;S;FÞ ð2Þ
The second-order polynomial (regression) equation used to
represent the response surface Y(P) is given by
Y ¼ b0 þ Sbixi þ Sbiix2i þ Sbijxixj ð3Þ
and for three factors, the selected polynomial could be expressed as
Porosity ðPLÞ ¼ b0 þ b1ðPÞ þ b2ðSÞ þ b3ðFÞ þ b11ðP2Þ þ b22ðS2Þ
þb33ðF2Þ þ b12ðPSÞ þ b13ðPFÞ þ b23ðSFÞ ð4Þ
where b0 is the average of the responses and b1, b2, b3 y b11, b12,
b13 y b22, b23, b33, are regression coefﬁcients that depend on
D. Thirumalaikumarasamy et al.472respective linear, interaction, and squared terms of factors. The
value of the coefﬁcient was calculated using Design ExpertFig. 4 XRD pattern of the alumina coating.
Table 4 ANOVA test results.
Source Sum of squares df Mean square
Model 310.934 9 34.54822
P 85.32534 1 85.32534
S 39.04143 1 39.04143
F 23.01061 1 23.01061
PS 6.125 1 6.125
PF 6.125 1 6.125
SF 15.125 1 15.125
P2 34.12865 1 34.12865
S2 84.59198 1 84.59198
F2 42.41991 1 42.41991
Residual 2.266025 10 0.226603
Lack of ﬁt 0.932692 5 0.186538
Pure error 1.333333 5 0.266667
Cor. total 313.2 19
Std. dev. 0.476028 R-squared
Mean 9.2 Adj R-squared
C.V.% 5.174216 Pred R-squared
Press 9.185101 Adeq precision
df: degrees of freedom; CV: coefﬁcient of variation; F: Fisher ratio; p:
Fig. 3 XRD pattern of the alumina powder.Software. The signiﬁcance of each coefﬁcient was determined by
Student’s t test and p-values, which are listed in ‘Table 4.Values of
‘‘Prob4F’’ less than 0.0500 indicate that model terms are
signiﬁcant. In this case, P, S, F, PS, PF, SF, P2, S2 and F2 are
signiﬁcant model terms. Values greater than 0.1000 indicate that
the relationship terms are terms are not signiﬁcant. The results of
multiple linear regression coefﬁcients for the second-order response
surface model are given in Table 5. The ﬁnal empirical relationship
was constructed using only these coefﬁcients, and the developed
ﬁnal empirical relationship is given below
Porosity ðPLÞ ¼ f5:3222:50ðPÞ þ 1:69ðSÞ þ 1:30ðFÞ
20:87ðPSÞ þ 0:88ðPFÞ þ 1:38ðSFÞ þ 1:54ðP2Þ
þ2:42ðS2Þ þ 1:72ðF2Þg ðvol%Þ ð5Þ
Analysis of variance (ANOVA) technique was used to checkthe adequacy of the developed empirical relationship [22].
In this investigation, the desired level of conﬁdence wasF value p-Value Prob4F
152.4618 o0.0001 Signiﬁcant
376.5419 o0.0001
172.2903 o0.0001
101.5462 o0.0001
27.02971 0.0004
27.02971 0.0004
66.74683 o0.0001
150.6102 o0.0001
373.3056 o0.0001
187.1996 o0.0001
0.699519 0.6477 Not signiﬁcant
0.992765
0.986253
0.970673
37.25676
probability.
Fig. 5 Normal probability plot.
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be adequate provided that (a) the calculated value of the F
ratio of the model developed should not exceed the standard
tabulated value of ‘F’ ratio and (b) the calculated value of the
‘R’ ratio of the developed relationship should exceed the
standard tabulated value of ‘R’ ratio for a desired level of
conﬁdence. It is found that the model is adequate. The model
F value of 152.46 implies that the model is signiﬁcant. There is
only a 0.01% chance that a model F value this large could
occur due to noise. The lack of ﬁt F value of 0.647 implies that
the lack of ﬁt is insigniﬁcant. There is only a 0.05% chance
that a lack of ﬁt F value this large could occur due to noise.
The normal probability plot of the residuals for porosity
shown in ‘Fig. 5’ revealed that the residuals are falling on the
straight line, which means the errors are distributed normally.
All the above consideration indicates the adequacy of the
developed relationship. Each predicted value matches its
experimental value well as shown in Fig. 6.
The Fisher’s F test with a very low probability value
(Pmodel4F¼0.0001) demonstrates a very high signiﬁcance
for the regression model. The goodness of ﬁt of the model was
checked by the determination coefﬁcient (R2). The coefﬁcientTable 5 Estimated regression coefﬁcients.
Factor Estimated coefﬁcient
Intercept 5.32
P–P 2.50
S–S 1.69
F–F 1.30
PS 0.87
PF 0.88
SF 1.38
P2 1.54
S2 2.42
F2 1.72
Fig. 6 Correlaof determination (R2) was calculated to be 0.9927 for response.
This implies that 99.27% of experimental data conﬁrms the
compatibility with the data predicted by the model, and the
model does not explain only 0.925% of the total variations.
The R2 value is always between 0 and 1, and its value indicates
aptness of the model. For a good statistical model, R2 value
should be close to 1.0. The adjusted R2 value reconstructs the
expression with the signiﬁcant terms. The value of the adjusted
determination coefﬁcient (Adj R2¼0.9862) is also high to
advocate for a high signiﬁcance of the model. The Pred R2 is
0.9706 that implies that the model could explain 95% of the
variability in predicting new observations. This is in reason-
able agreement with the Adj R2 of 0.9862. The value of
coefﬁcient of variation is also low as 5.174 indicates that the
deviations between experimental and predicted values are low.
Adeq precision measures the signal to noise ratio. A ratio
greater than 4 is desirable. In this investigation, the ratio is
37.25, which indicates an adequate signal. This model can be
used to navigate the design space.4. Optimizing the plasma spraying parameters
The response surface methodology (RSM) was used to
optimize the parameters in this study. RSM is a collection of
mathematical and statistical techniques that are useful for
designing a set of experiments, developing a mathematical
model, analyzing for the optimum combination of input
parameters, and expressing the values graphically [23].
To obtain the inﬂuencing nature and optimized condition of
the process on porosity, the surface plots and contour plots
which are the indications of possible independence of factors
have been developed for the proposed empirical relation by
considering two parameters in the middle level and two
parameters in the x and y axes as shown in Fig. 7. These
response contours can help in the prediction of the response
(P) for any zone of the experimental domain [24]. The valleytion graph.
Fig. 7 Response graphs and contour plots.
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porosity. A contour plot is produced to display the region of
the optimal factor settings visually. For second-order
responses, such a plot can be more complex compared to
the simple series of parallel lines that can occur with ﬁrst-order
models. Once the stationary point is found, it is usually
necessary to characterize the response surface in the immediate
vicinity of the point. Characterization involves identifying
whether the stationary point is a minimum response or
maximum response or a saddle point. To classify this, it is
most straightforward to examine it through a contour plot.
Contour plots play a very important role in the study of a
response surface. It is clear from ‘Fig. 7’ that the porositydecreases, and increases with the increase in the levels of
considered process parameters.
By analyzing the response surfaces and contour plots
(‘Fig. 7’), the minimum achievable porosity value is found to
be 4.44 vol%. The corresponding parameters that yielded this
minimum value are input power of 22.27 kW, stand-off
distance of 11.30 cm and powder feed rate of 21.50 gpm.
To validate the model, three additional conﬁrmation experi-
ments were conducted to compare the experimental results
with the prediction under the optimal conditions. The
mean experimental porosity level was obtained as 4.49.
The error percentage of 2.9% showed an excellent prediction
of the model. The coating produced under optimized spray
Fig. 8 Optical micrograph of a cross section of the coating
deposited under optimized spray parameters.
Fig. 9 Perturbation plot for porosity.
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inferred that the coatings with an extremely dense, ﬁne
structured and homogenous morphology with low porosities.
Only small-sized micro-pores and thin voids on a submicron
and nano-sized level are detectable in regions of imperfect
contact between the phases or lamellae. In the case of the
coating produced under optimum spray conditions, clearly
demonstrate the extremely ﬁne structure which also provides a
superior surface quality.
Contributions made by the process parameters on porosity
can be ranked [25,26] from their respective F ratio value which
was seen in Table 4 provided the degrees of freedom are same
for all the input parameters. The higher F ratio value implies
that the respective term is more signiﬁcant and vice versa.
From the F ratio values, it can be concluded that input power
is contributing more on porosity of the alumina coating, and it
is followed by stand-off distance, and powder feed rate for the
range considered in this investigation.5. Results and discussion
Perturbation plot shown in Fig. 9 illustrates the effect of the
plasma spraying parameters on the responses for an optimiza-
tion design. This graph shows how the response changes as
each factor moves from a chosen reference point, with all
other factors held constant at the reference value [27]. A steep
slope or curvature in a factor indicates that the response is
sensitive to that factor. A relatively ﬂat line shows insensitivity
to change in that particular factor.
5.1. Effect of input power on porosity
The inﬂuence of input power (curve P) on the porosity of the
coatings are displayed in Fig. 9. From the ﬁgure, it can be
inferred that the input power has an inversely proportional
relationship with the porosity. The spraying power is an
important parameter that affects the quality of the coating,
since it can inﬂuence the temperature and velocity of the
powder particles at the moment of striking the substrate. More
complete particle melting usually results in lower porosity
content. At low spraying powers, the powder particles arepoorly melted. When they impact on the substrate or the
already formed coating, they are not able to spread out
completely to form splats and therefore, could not conform
to the surface [28]. In such a case, the interlamellar pores and
cracks will be formed due to the solidiﬁcation of the splats.
Moreover, when the spraying power is relatively low, numer-
ous unmelted and partially melted particles are existed in the
coating. During the cooling process after spraying, the micro-
cracks and pores are formed near the boundary of the
unmelted particle, since the material mismatch between the
unmelted particles and the around splats, as shown in
Fig. 10.1(a). At the boundary of the unmelted particles, the
micro-cracks are often existed. Unmelted particles are pro-
duced when the injected powder particles do not melt
completely in the plasma, or do melt but subsequently
resolidify before impact. For a given size distribution of the
powder, if the thermal energy transferred to the particles in
the plasma is not sufﬁcient to produce a fully molten droplet,
the resulting droplets will not completely ﬂatten out and bond
well with the underlying surface. Unmelted particles are
serious defects in thermal spray coatings. The above results
indicate that, the low spraying power cannot provide enough
energy to melt the particles. When the power is high, the fully
melted alumina due to its low melting temperature is con-
sidered to be well distributed and inﬁltrated in the splat
boundary [29]. When the power is sufﬁciently high, most of
the powder particles have been melted and the ﬂow ability of
splats is good as shown in Fig. 10.1(b).5.2. Effect of stand-off distance on porosity
The effects of stand-off distance (curve S) on porosity of the
coatings are exhibited in Fig. 9. From the ﬁgure it can be
inferred that the stand-off distance has a directly proportional
relationship with the porosity. The crystalline of the alumina
coatings increases as the spraying distance decreases mainly
due to the increase of the droplet temperature at the moment
of impingement. At short spraying distance, the droplets strike
the substrate are semi or fully melted and as a result the
alumina phase become more crystalline because the solidiﬁca-
tion rate gradually decreases as the coating thickness increases
(Fig. 10.2(a)).The stand-off distance mainly controls the
Fig. 10 Effect of APS process parameters on porosity. 10.1. Effect of input power on porosity: (a) 18 kW (lowest) and
(b) 25 kW(highest). 10.2. Effect of stand-off distance on porosity: (a) 11 cm (lowest) and (b) 13 cm (highest). 10.3. Effect of powder
feed rate on porosity: (a) 15 gpm (lowest) and (b) 35 gpm (highest).
D. Thirumalaikumarasamy et al.476cohesion between splats because the temperature and velocity
of particles in the plasma ﬂame signiﬁcantly change with
stand-off distance. Therefore, better spreading and cohesion
would be achieved with shorter spraying distances [30]. With a
longer spray distance, the sprayed powder has more time to
react with the air entrained in the ﬂame, which would result in
an increase in oxide content with spray distance. The coatings
deposited at a spraying distance of 13cm were found to
contain fewer unmelted particles and lower porosity than the
trends would have suggested porosity in the coating increased
with the increase in spray distance. It has been reported that
the longer spray distance increases the dwell time in the plume
and allows more thorough heating/melting of the particles and
the enthalpy of the molten ceramic particles is largely lost, and
the particles are slow down in a relatively longer ﬂight path
because of the interaction with the surrounding air. Under
such conditions, the particles arriving on the substrate will not
be sufﬁciently ﬂattened to overlap the layers, resulting in
porosity as shown in Fig. 10.2(b). At shorter and longer spray
distance, the particles remain unmelted or partially melted and
surface roughness and porosity increases [31].5.3. Effect of powder feed rate on porosity
The effect of powder feed rate (curve F) on the response of the
coatings are revealed in Fig. 9. During plasma spraying, the
interaction between the gas ﬂow and particles, the particles’
velocity and temperature are obviously inﬂuenced by the
powder feed rate. From Fig. 10.3(a) it could be inferred that,
when the powder feed rate value is low, the splats poorly
ﬂatten and spread out. There are numerous pores existing at
the boundaries of overlapping splats. Moreover, the cohesive
strength between the adjacent splats is low since the micro-
cracks are visible at the interface [32]. When the powder feed
rate is extremely low (e.g., 15 gpm), most of particles are fully
melted. In such a case, the coating with dense microstructure
and low porosity will be fabricated. When the powder feed
rate is in a range between 20 gpm and 30 gpm, the amount of
the pores and micro-cracks increases with increasing the
powder feed rate. The existence of these pores and micro-
cracks with different dimensions will lead to increases the
porosity of the coating. However, when the powder feed rate is
very high, the amount of the unmelted and partially melted
Inﬂuences of atmospheric plasma spraying parameters on the porosity level of alumina coating on AZ31B 477particles in the coating will be increased with increasing
powder feed rate [33]. At high powder feed rate, the heat
content in the plasma gas becomes inadequate for the melting
of the powder particles. At the boundary of the unmelted
particle, the micro-cracks and pores can be found. These
micro-cracks and pores may be created due to the residual
stress arisen from the material mismatch of unmelted particles
and the splats in a molten state. The poorly melted (unmelted
and partially melted) particles will be remained in the coating,
resulting in a less-dense coating with high porosity (Fig. 10.3(b)).
This result indicates that, when the powder feed rate is high, the
particles which obtain low thermal energy and kinetic energy
cannot be fully melted.6. Sensitivity analysis
Sensitivity analysis, a method to identify critical parameters
and rank them by their order of importance, is paramount inFig. 12 Stand-off sens
Fig. 11 Input power semodel validation where attempts are made to compare the
calculated output to the measured data. This type of analysis
can be useful to ﬁnd out, which input parameter must be most
accurately measured, thus determining the input parameters
exerting the most inﬂuence upon model outputs [34]. Mathe-
matically, sensitivity of a design objective function with
respect to a design variable is the partial derivative of that
function with respect to its variables. To obtain the sensitivity
equation for input power, ‘Eq. (4)’ with non-signiﬁcant terms
is differentiated with respect to input power. The sensitivity
‘Eqs. (6)–(8)’ represent the sensitivity of porosity for input
power, stand-off distance and powder feed rate, respectively
@PL=@P¼2:500:87S þ 0:88F þ 3:08P ð6Þ
@PL=@S¼ 1:690:87Pþ 1:38F þ 4:84S ð7Þ
@PL=@F ¼ 1:30þ 0:88P1:38S þ 3:44F ð8Þ
In this study, the aim is to predict the tendency of porosity due
to a small change in process parameters for plasma sprayingitivity of porosity.
nsitivity of porosity.
Fig. 13 Powder feed rate sensitivity of porosity.
D. Thirumalaikumarasamy et al.478process. Sensitivity information should be interpreted using
mathematical deﬁnition of derivatives. Namely, positive sen-
sitivity values imply an increment in the objective function by
a small change in design parameter whereas negative values
state the opposite.
In Figs. 11–13 the input power, stand-off distance and powder
feed rate sensitivity maps on porosity, respectively, are displayed.
The small variation of input power causes large changes in
porosity. The results reveal that the porosity is more sensitive to
input power than stand-off distance and powder feed rate.7. Conclusions
The following important conclusions are obtained from this
investigation: An empirical relationship was developed to predict the
porosity level of plasma sprayed alumina coatings on
AZ31B magnesium alloy, incorporating few important
spray parameters. The developed relationship can
be effectively used to predict the porosity level of
alumina coatings on AZ31B magnesium alloy at 95%
conﬁdence level. A minimum porosity level of 4.44 vol% could be
attained under the plasma spraying conditions of
22.27 kW of input power, 11.30 cm of stand-off
distance and 21.50 gpm of powder feed rate and these
parameters are found to be optimum spraying para-
meters with respect to minimizing porosity level in
coatings. Input power was found to have greater inﬂuence on
porosity of the coatings followed by stand-off distance
and powder feed rate. Input power was more sensitive than the other parameters
such as stand-off distance and powder feed rate.Acknowledgments
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